Aims Most patients with acute heart failure (AHF) are treated with supplemental oxygen during hospitalization. In this study, we investigated the effect of oxygen titrated to high vs. low pulse oximetry targets in patients hospitalized with AHF. Methods and results In a pilot, open-label randomized controlled trial (RCT), 50 patients who were admitted with AHF were randomized to either high (≥96%) or low (90-92%) SpO 2 targets. Oxygen was manually titrated to the assigned target ranges for 72 h. The primary endpoint was the change in N-terminal pro-brain-type natriuretic peptide (NT-proBNP) from randomization to 72 h, and secondary endpoints included patient-reported dyspnoea by visual analogue scale (VAS), patient global assessment (PGA), peak expiratory flow (PEF) within 72 h, and clinical outcomes up to 30 days following hospital discharge. The median age was 73.5 years, and 42% were women. The change in NT-proBNP was À6963 (À13 345, À1253) pg/mL in the high SpO 2 group and À2093 (À5692, À353) pg/mL in the low SpO 2 group (P = 0.46), and the 72 h to baseline NT-proBNP ratio was similar between groups (0.7 vs. 0.6, P = 0.51). There were no differences between arms in change in dyspnoea VAS (P = 0.86), PGA (P = 0.91), PEF (P = 0.52), in-hospital mortality (4.0% vs. 8.0%, P = 0.50), or 30 day heart failure readmission rates (20.8% vs. 8.7%, P = 0.22). Conclusions In this study, no differences were observed in the primary or secondary outcomes for patients randomized to high vs. low SpO 2 targets. Further RCTs with larger sample sizes are warranted to determine the efficacy and safety of oxygen therapy in patients with AHF.
Introduction
Supplemental oxygen (O 2 ) therapy is a routine treatment in the management of many patients with dyspnoea, including those with acute heart failure (AHF).
1 Regardless of the arterial O 2 saturation levels, O 2 is often administered in these patients on the basis of the clinicians' or patients' belief that it will ameliorate dyspnoea, or that improving oxygenation of the myocardial tissue will improve cardiac function.
2,3
However, given the lack of high-quality evidence, there is an ongoing debate regarding the role that O 2 plays in the treatment of patients with AHF. While there is consensus among clinicians regarding the treatment of hypoxaemia (low O 2 saturation levels or SpO 2 ) in the acute setting, it is unclear whether O 2 should be administered in AHF patients who have normal O 2 saturation. Several physiologic studies have suggested deleterious effects of hyperoxia (i.e. high O 2 ) on cardiac function. [4] [5] [6] [7] These effects are thought to be due to high O 2 stimulating the overproduction of reactive O 2 species, and hyperoxia-induced vasoconstriction that can lead to decreased coronary blood flow, and eventually to cardiac dysfunction. 3 Previous studies have shown that the patients' perception of dyspnoea is not directly correlated with SpO 2 .
2
Several major randomized controlled trials (RCTs) have shown O 2 therapy to have no clinical benefits in patients without hypoxaemia presenting with acute myocardial infarction, 8, 9 and others suggested possible harms. 10 Recent heart failure (HF) guidelines have taken a cautious, yet variable, approach regarding recommendations on the use of supplemental O 2 therapy in normoxaemic patients with AHF.
11-13
We designed the High vs. Low SpO 2 oxygen therapy in patients with acute Heart Failure (HiLo-HF) pilot trial to investigate the feasibility of conducting an RCT as well as to explore the effects of supplemental O 2 therapy in patients who were hospitalized with AHF.
Methods
HiLo-HF trial was a single-centre, pilot, open-label RCT designed to test the feasibility, efficacy, and safety of targeting a high (high SpO 2 ) vs. low (low SpO 2 ) O 2 saturation range. The study was approved by the Health Research Ethics Board of the University of Alberta, and written informed consent was obtained from all subjects prior to study participation. The Canadian VIGOUR Centre (thecvc.ca) managed the trial. The trial was registered at ClinicalTrials.gov (NCT03110042).
Participants
Patients who presented to the emergency department (ED) at University of Alberta Hospital with AHF were screened for this study. The inclusion and exclusion criteria of the HiLo-HF pilot RCT were as follows.
Inclusion criteria
Patients who met the inclusion criteria were >40 years of age presenting to the ED with objective AHF (BNP > 400 pg/mL and/or chest X-ray with pulmonary congestion) and with a planned admission for the treatment of HF as the primary diagnosis. Patients were eligible for randomization within 16 h of presenting to the ED.
Exclusion criteria
Patients on home O 2 , known prior hypercapnic failure (PaCO 2 > 50 mmHg), asthma, primary pulmonary hypertension, requiring urgent positive pressure ventilation or intubation, or on >10 L/min O 2 were excluded.
Patients who did not meet the inclusion criteria for the HiLo-HF trial were potentially eligible for the HiLo-HF registry (eligibility criteria for HiLo-HF registry provided in Table S1 ).
The pilot RCT included 50 patients (25 patients in each arm) as a demonstration of feasibility ( Figure 1 ).
Intervention
Patients were randomized in the ED to either high SpO 2 or low SpO 2 groups after providing informed written consent ( Figure 2) . All patients had nasal cannula placed as the usual standard of care, and patients were titrated to the prespecified target ranges according to the detailed instructions provided in the Supporting Information.
(1) High SpO 2 group: In the high SpO 2 arm, patients were manually titrated by a trained research co-ordinator to a target SpO 2 range of ≥96%. (2) Low SpO 2 group: In the low SpO 2 arm, patients were manually titrated by a trained research co-ordinator to the target SpO 2 range of 90-92%.
Consented patients were randomly allocated to study groups via the automated web-based system within REDCap.
14 The allocation was concealed. Time at randomization was considered as study time zero (T0). All patients received usual standard of care with the exception of their O 2 management. After 72 h, patients were switched over to usual care for O 2 therapy at the discretion of the treating physician. We selected the 72 h time frame because in previous studies most patients with AHF were no longer on O 2 by 72 h. 
Follow-up
Patients were assessed on a daily basis while in hospital and on day of discharge to assess for in-hospital safety events [clinically assessed worsening HF (WHF), or other clinical events]. Patients were followed up by telephone and health records review for a period of 30 days after hospital discharge.
Endpoints
The primary endpoint of this study was the change in Nterminal pro-brain-type natriuretic peptide (NT-proBNP) from baseline to 72 h (expressed as an absolute change and as a ratio of the baseline value). Oxygen therapy in acute heart failure 669 Worsening HF was defined as signs and/or symptoms of HF that require intensification of intravenous therapy for HF, or new institution of mechanical ventilator support (continuous positive airway pressure (CPAP), non-invasive ventilation (NIV), or intubation) or circulatory support (mechanical circulatory assist devices).
16,17
Directly measured patient-reported outcomes (e.g. dyspnoea VAS and PGA) were collected at set time points as per Figure 2 . For dyspnoea VAS, patients were asked to evaluate their breathing by marking a 10 cm vertical line, with the top labelled 'best you have ever had' and the bottom labelled 'worst you have ever had'. We scored the patients' markings on a scale of 0 to 100 by measuring the distance in millimetres from the bottom of the line. A similar approach was used for PGA to evaluate patients' general well-being. Given the open-label design, a research co-ordinator who was blinded to the patient's group allocation was assigned to perform or record the subjective endpoints evaluations (i.e. dyspnoea VAS and PGA). Samples for NT-proBNP were collected via standardized laboratory procedures, processed, and frozen for batch analysis at the end of the trial. The Roche NT-proBNP assays were performed by the University of Alberta Clinical Trials laboratory on the Elecsys 2010 (Roche Diagnostics, Manheim, Germany; reporting range 5 to 35 000 pg/mL).
Statistical analysis
All analyses were performed on the basis of intention-totreat principle. Categorical variables were summarized as frequency and percentages and compared between groups using the Pearson χ 2 test or Fisher's exact test, as appropriate. Continuous variables were summarized as median with inter-quartile range (IQR) and compared using the MannWhitney test. No data imputation has been performed when data are missing in one or more data points. Analysis of covariance (ANCOVA) was applied for the primary endpoint analysis. Given the non-normal distribution, the values were log transformed prior to ANCOVA. Summary results were reported in the original scale, while the significance test result was that of the changes in log scale applying Wald statistic. The AUC representing the change in VAS, PGA, and PEF from baseline to 72 h was computed according to the trapezoidal rule for each patient 18 and was compared between the study arms using ANCOVA. Similarly, ANCOVA was applied to compare the relative changes of dyspnoea VAS AUC, PGA, and PEF from baseline to 72 h. The 30 day clinical events were estimated using the Kaplan-Meier method and were compared between the intervention arms using the log-rank test. Patients who remained alive and without hospital readmission were censored at their last available study date. All statistical analyses were conducted using SAS statistical software (version 9.4; SAS Institute, Cary, North Carolina).
Results
Two-hundred thirty-three patients who presented to ED with AHF were screened for eligibility between 24 November 2016 and 27 February 2018, and 50 patients were enrolled into the HiLo-HF pilot trial (25 per arm). Patients excluded are presented in Figure 1 .
The patients enrolled in the trial had a median age of 73.5 years, 42% were women, 70% had prior history of HF, 56% had coronary artery disease (CAD), 18% had chronic obstructive pulmonary disease (COPD), and 62% were current/past smokers ( Table 1 ). There were no clinically important differences in demographic or clinical features between arms.
Twenty-two (44%) patients presented via ambulance, and the median rate of administered O 2 in the ambulance was 5.5 L/min among the 12 who received O 2 before the ED.
Pre-randomization SpO 2 was 94% (IQR 92, 96) and 96% (IQR 93, 98), respectively, in the high and low SpO 2 groups with 11 (44%) and
The median time from triage to disposition from ED was 12.8 (IQR 9.0, 15.7) h, which was not different between study arms (P = 0.24).
Adherence to study protocol
At individual assessment time points, 83-94% of patients in the high SpO 2 group and 5-30% of patients in the low SpO 2 group were at the assigned SpO 2 ranges. However, when we accounted for supplemental O 2 volumes, only 14.5%, 18.7%, 6.9%, and 10.2% had non-adherence to the study protocol (defined as SpO 2 levels out of the target range ±1% with inappropriate O 2 volumes administered) at 6, 24, 48, and 72 h after randomization, respectively. The rate of non-adherence was not significantly different between study groups ( Table 2 and Figure S1 ).
Primary endpoint
Follow-up (i.e. 72 h) NT-proBNP tests were missed in 14 patients: seven patients were discharged before 72 h, one patient left against medical advice, one patient refused further blood tests, one was withdrawn from the study for safety reasons, and four were missed because of staff error. Hence, the analysis for primary endpoint was limited to the remaining 36 patients with available baseline and follow-up NTproBNP results.
Baseline and 72 h NT-proBNP levels were not statistically significantly different between groups with high and low SpO 2 targets [ Table 3 and Figure 3 higher in the high SpO 2 arm, NT-proBNP change was not significantly different between study arms. Ratio change of NTproBNP to 72 h was also similar between trial arms (P = 0.51). Moreover, there was no difference between groups in terms of change in NT-proBNP after adjustment for age, sex, past history of diabetes mellitus (DM), chronic kidney disease (CKD), COPD, cerebrovascular accident (CVA), and prior HF (P = 0.74). Cardiac devices including pacemaker, implantable cardioverter defibrillator, and cardiac resynchronization therapy. Unless described otherwise, median (25th percentile, 75th percentile) are reported.
Oxygen therapy in acute heart failure
Secondary endpoints

Dyspnoea scores
The dyspnoea VAS was not different between study arms in different study time points from 6 to 72 h after randomization (all P > 0.05) ( Table 3 ). The change in dyspnoea from baseline to 72 h was not different between study groups, and VAS AUC was similar between groups with high and low SpO 2 set points [ Figure 3(B) ].
Patient global assessment
Similarly, the patient symptoms according to PGA were not different between study arms in different study time points from 6 to 72 h after randomization (all P > 0.05). The change in PGA from baseline to 72 h was not different between study groups, and PGA AUC was similar between two arms of the trial [ Table 3 and Figure 3(C) ].
Peak expiratory flow The PEF was not significantly different between study groups in different time points [ Figure 3(D) ]. In ANCOVA, adjusting for baseline values, the change in PEF from baseline to 72 h (P = 0.52) and PEF AUC (P = 0.19) was not different between two study arms. Worsening heart failure Worsening HF occurred in one patient (4%) from the low SpO 2 group, and there was no difference between study arms in terms of WHF (P = 1.0).
Diuretic response
Clinical outcomes
For 30 day clinical events, no missing patient values occurred following health records surveillance, so the analysis included all 50 patients. One patient in the high SpO 2 arm and two patients in the low SpO 2 arm died in hospital (4.0% vs. 8.0%, P = 0.50). Among those who survived to be discharged, five patients in the high SpO 2 arm and two patients in the low SpO 2 arm were re-hospitalized within 30 days after hospital discharge (20.8% vs. 8.7%, P = 0.22). The Kaplan-Meier curve showed no difference between study groups in death/re-hospitalization at 30 days following hospital discharge (P-value for log-rank test = 0.36) ( Figure S3 ).
Length of stay
The median length of hospital stay (LOS) was 6.3 (IQR 3.7, 11.0) days in the pilot RCT, and it was significantly longer in the low SpO 2 group than in the high SpO 2 group (9.5 vs. 4.7 days, P = 0.011) ( Figure S2 ). However, after adjustment for age, sex, residence type (home vs. long-term care facility), prior history of HF, CAD, DM, hypertension, CKD, cerebrovascular disease (CVA), atrial fibrillation, and the use of cardiac devices, the difference in the LOS was not significant between groups (P = 0.070).
Safety
One patient in the high SpO 2 group was withdrawn after randomization because of high partial pressures of CO 2 and potential risk of hypercapnic failure. Epistaxis related to the use of nasal cannula was reported in one patient in the high SpO 2 arm, but no significant adverse event was reported in any of the two groups.
HiLo-HF registry
Patients in the registry (n = 60) had a median age of 77 years, and 35% were women. Thirty-four (56.7%), 26 (43.3%), and 19 (31.7%) patients had past medical history of HF, CAD, and COPD, respectively. The median time from triage to enrolment was 19.2 (IQR 7.2, 21.5) h, which was longer than that among the trial patients (median 11.4; IQR 7.3, 13.5; P < 0.001). Baseline symptoms were similar between registry and trial populations, and there was no difference in terms of VAS AUC, PGA AUC, PEF AUC, and diuretic response (all P-values > 0.05).
Pooled cohort
Given that the trial was neutral for primary and secondary endpoints, as the next step, we pooled both trial arms and Test of difference at 72 h adjusting for baseline applying the analysis of covariance model. Unless described otherwise, median (25th percentile, 75th percentile) are reported.
Oxygen therapy in acute heart failure the HiLo-HF registry to form a cohort of 110 patients who presented to ED with AHF. In the first 24 h after randomization, SpO 2 levels were inversely correlated with patients' perception of symptom measured by either dyspnoea VAS or PGA (r = À0.36, P = 0.014), but there was no correlation after that. At 24 h, patients with SpO 2 < 94% had a higher (i.e. better) dyspnoea VAS (84 vs. 67, P = 0.003) and PGA (82 vs. 57, P < 0.001) than had those with SpO 2 levels ≥ 94%.
Baseline BNP (n = 110) or NT-proBNP (n = 50) levels had no correlations with SpO 2 levels, dyspnoea VAS, PGA, or PEF at baseline. There was no correlation between NT-proBNP levels and SpO 2 levels, dyspnoea VAS, PGA, or PEF at follow-up (i.e. 72 h) ( Table S6) .
There was no correlation between ΔSpO 2 and ΔNT-proBNP from baseline to 72 h in the pilot cohort ( Figure S4 ). There was no correlation between O 2 administered from baseline to 72 h and the change in NT-proBNP levels (ΔNT-proBNP) or the ratio change of NT-proBNP (Δ/baseline NT-proBNP) at the same study period ( Figure S5 ).
Discussion
The HiLo-HF pilot trial is the first RCT to explore the effects of supplemental O 2 therapy in patients with AHF. In this trial, titrating O 2 therapy to high or low SpO 2 targets did not result in changes in biomarkers, symptoms, or clinical outcomes. Regardless of group allocation, NT-proBNP levels, patientreported symptoms (e.g. VAS and PGA), and pulmonary function (i.e. PEF) improved over time. In addition, while the pilot demonstrated success in recruitment, the protocol resulted in missing information for a variety of reasons. Overall, these lessons suggest that while a definitive trial is warranted, the protocol and operation of the trial should be further adjusted for pragmatic implementation.
Three small studies provided the foundation of what we know currently about the possible effects of hyperoxygenation in patients with HF. A study by Mak et al. including patients with stable CAD (n = 12) and those with HF (n = 16) showed that extreme hyperoxia (FiO 2 = 1.0, PaO 2~3 00 mmHg) was associated with impairment of cardiac relaxation and increased left ventricular filling pressures in patients with and without HF. 6 Another study showed that high-flow O 2 (~5 L/min, FiO 2~0 .40) reduced both cardiac output and heart rate and caused a trend towards increased systemic vascular resistance than did room air (FiO 2 = 0.21). Finally, the study of Haque et al. showed a decrease in stroke volume and an increase in pulmonary capillary wedge pressure with hyperoxia in patients admitted with AHF, and this effect started at an FiO 2 level of 0.24-equivalent to 1 L/min of supplemental O 2 . The SpO 2 levels in the high SpO 2 arm of this study rose over time with AHF treatment, but these remained steady in the low SpO 2 arm from baseline to 72 h. The manual SpO 2 titration method did not induce a proper separation in SpO 2 levels between the two trial arms. There were some adherence issues, mostly related to the health care professionals' non-adherence to follow the protocol in downtitrating O 2 for those with SpO 2 levels above the assigned range. These issues could be partially addressed by utilizing automated closed-loop systems for controlling supplemental O 2 delivery. These systems provide a potential solution to this problem with near-constant adjustments and less variability of blood O 2 saturations. There are several limitations to this study that are noteworthy. The study is a pilot trial, and hence, it is underpowered to detect small differences between study groups. We used a relatively cautious approach of titrating O 2 delivery to a specific saturation. Hence, even patients in the high SpO 2 group did not experience extreme hyperoxia. The use of manual titration method and reliance on the treating team to do that were not associated with proper separation of SpO 2 levels in this study. A device approach using automated closed-loop systems has the potential to solve that issue. In this study, we did not restrict the patient population to patients with AHF who were normoxaemic at presentation and have included patients with hypoxaemia as well. This will increase the representativeness of our study population to the actual AHF population. However, there is less controversy about the use of O 2 in hypoxaemic patients compared with those with normoxaemia at rest or minimal activity. We lacked data regarding patients' baseline SpO 2, given that patients were recruited at ED and a proportion of patients had already received O 2 in ambulance or in the ED prior to recruitment. Finally, a change in the timeline for follow-up NT-proBNP test from a fixed timeline (72 h) to sampling at 72 h or at discharge if earlier could have prevented a significant proportion of missing data on primary endpoint in this study.
In conclusion, we found no differences in improvements in NT-proBNP or patient symptoms between high and low SpO 2 targets in the first 72 h after admission for AHF. Further RCTs with larger sample size are warranted to determine the comparative efficacy and safety of treatment with supplemental O 2 in patients with AHF.
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